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METHOD OF CONTROLLING PROPULSION
AND SUSPENSION OF LINEAR INDUCTION
MOTORS

THE FIELD OF INVENTION

[lustrative embodiments of the disclosure generally relate
to linear induction motor control. More particularly, this
invention relates to a distinctive method of controlling the
propulsion and suspension ol one or a plurality of linear
induction motors which are mechanically interconnected
through the same secondary. The disclosure 1s further
directed, by way of non-limiting example, to transportation
systems comprising such motors.

Under the Cooperative and International Patent Classifi-
cation this invention belongs to HO2K 41/00 group and the
application of the invention belongs to B61B 13/00 group.

BACKGROUND OF THE INVENTION

Linear induction motors are the preferred choice 1n trans-
portation systems due their simplicity, price, and reliability.
They are utilized as means of propulsion and in some cases
as suspension, as well as guidance.

These are usually two physically separate systems built
and controlled independently. One set of linear motors
produces propulsion forces while the totally independent
system generates magnetic levitation (suspension) forces,
recognized as MAGLEYV. The known MAGLEYV systems are
typically based on magnetic attraction between two ferro-
magnetic parts. However, some MAGLEV systems are
based on magnetic repulsion and they are typically air-cored.

The TransRapid railing system has been developed in
Germany, which utilizes electromagnetic suspension based
on attraction between on-board electromagnets and 1ron-
backed guideway rails. The system 1s expensive, not very
cilicient, and not stable at very high speeds (He et al., 1992).

The MLX railing system, developed 1n Japan, utilizes
clectrodynamic suspension (EDS) to levitate the train. In
this railing system, magnets on the train induce currents in
the guiding rails. These currents create magnetic fields
which interact with the original field of the magnets. Levi-
tation 1s supported by the repulsive force between the two
fields. The magnets on the train are either electromagnets or
an array of permanent magnets. The advantage of EDS
systems 1s that they are naturally stable at high speeds and
thus no feedback control 1s needed, unlike the TransRapid
System. However, EDS systems have disadvantages: they
are very expensive and the train must be equipped with
wheels because at slow speeds the induced currents are not
strong enough to support levitation (Hikasa and Takeucha,
1980).

The Inductrack method, developed in the Umited States,
utilizes passive levitation. No external power 1s needed to
levitate the train. The levitation 1s produced by the motion of
on-board permanent magnets over the rail so that induced
eddy currents obtain the repulsion force (Friend, 2004).

Hyperloop Transportation Technologies and Hyperloop
One utilize very similar suspension methods as the Induc-
track. The levitation 1s produced by the motion of an
on-board Halbach array of permanent magnets over the
conductive rail. Among others, the system has one major
disadvantage: the passive suspension typically 1s not con-
trollable (Bambrogan at al., 2017, and other Hyperloop One
patents).

Many attempts have been made to combine these two
functions (propulsion and suspension) in one system, but
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2

based on practical linear induction motors. It 1s known that
linear induction motors can produce normal forces (lift)
together with thrust, but the problem is producing a suc-
cessiul control method of a combined propulsion-suspen-
sion drive system.

A few attempts have been made to create such a control

system:

Morizone at al. propose the novel control method of the
thrust force and the attractive force of LIM driven by
the power source with the frequency component syn-
chronous with the motor speed. In this control method,
it 1s possible to apply the conventional vector control to
the thrust force control of LIM. The frequency com-
ponent synchronous with the motor speed does not
generate the thrust force. Therefore the frequency com-
ponent synchronous with the motor speed 1s able to
adjust the attractive force for levitation without influ-
ence on thrust force control (Morizane et al, 2011).

Verdel’s paper presents a feasibility study of a novel
magnetic levitation system through the use of linear
induction motor (LIM) segments implemented 1n a
rotating ring system.

It investigates the best manner of simultaneous and
decoupled control of thrust and normal forces gener-
ated by the single-sided LIM (SLIM) (Verdel, 2007).

In 2018, Korean scientists proposed an all-in-one system
for a hyperloop that conducts propulsion, levitation,
and guidance. It 1s based on a non-symmetric double-
sided linear induction motor (J1 et al, 2018).

Cox et al present a new method of combined electromag-
netic levitation and propulsion using a double-sided
linear induction machine and a simple conductive sheet
secondary. If the supply phase angle of one primary 1s
modified with respect to that of the other, a controllable
l1ft force can be developed on the conductive secondary
and 1ts load at any velocity or when stationary (Cox et
al, 2016).

Japanese scientists propose a decoupled-control method
of normal and thrust forces 1n single-sided linear induc-
tion motor (SLIM) which 1s based on a unified concept
of machine principle. This method 1s derived from the
analytical formulas for normal and thrust forces of a
SLIM. This method can be applied to a LIM vehicle
system, 1n which the normal force 1s used to levitate
and the thrust force to propel a LIM vehicle without
force-couple of LIM. By using this method, a compact
combined levitation-and-propulsion system with LIM
only can be realized. This method 1s verified by a

successiul simulation of levitation and propulsion for a
SLIM model vehicle (Kinjiro et al, 2000, and Kinjiro,

1991).

The objective of this invention 1s to resolve the problem
of controlling a system of linear induction motors, which can
be grouped so as to produce both propulsion and levitation
simultaneously but which are both independently control-

lable.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 presents a cross-sectional view of a DSLIM;

FIG. 2 presents a block diagram of regenerative levitation
sub-method with two DSLIMs:

FIG. 3 presents the flowchart of the disclosed method;
FIG. 4 presents the flowchart of the disclosed regenerative
levitation sub-method;

SUMMARY OF THE INVENTION

This invention discloses a control method of one or a
group ol linear induction motors (LIMs) wherein both



US 10,476,408 Bl

3

horizontal and normal force components for propulsion and
levitation are regulated simultaneously and independently.

This method consists of a combination of two sub-
methods: a current balancing sub-method and a regenerative
levitation sub-method.

The current balancing sub-method consists of de-coupled
control of current fed to the upper and lower primaries of
one DSLIM, or the upper and lower primaries of a plurality
of DSLIMs.

The regenerative levitation sub-method involves two or
more double-sided linear induction motors (DSLIM), two or
more single-sided linear induction motors (SLIM), or two or
more tubular linear induction motors (TLIM), mounted side
by side on the same movable chassis, while they share the
same stationary secondary rail, or mounted side by side on
the same stationary chassis, while they share the same
movable secondary rail, and separately fed from power
controllers so that at least one can work in generator mode
and balance thrust and lift forces of the first LIM, or other
LIMs, in motoring mode.

DETAILED DESCRIPTION

FIG. 1 presents a cross-sectional view of a horizontal
double-sided linear induction motor (DSLIM) which will be
utilized to 1llustrate the first sub-method of controlling
propulsion and suspension of one or a group of double-sided
linear induction motors. Principles of operation and design
of a DSLIM are well known 1n prior art. DSLIM consists of
an upper primary 1, a lower primary 2 and a non-ferromag-
netic secondary 3. Each primary contains ferromagnetic
circuit 4 and multiple electrical coils 5 distributed 1n 1ts slots.
The sub-method can be applied to one DSLIM, or the group
of DSLIMs, where a DSLIM topology consists of stationary
secondary and movable primary or primaries, or wherein a
DSLIM topology consists of movable secondary and sta-
tionary primary or primaries.

The power supply of the DSLIM 1s constructed so that 1t
provides independent control of the currents fed to the upper
and lower primaries of the DSLIM. The thrust force 1is
controlled directly by the sum of upper and lower primary
currents while the required lifting force can be adjusted by
the difference of currents 1n the upper and the lower primary
of the DSLIM.

If only the upper primary of the DSLIM 1s fed by a current
to produce the desired thrust force, 1t will simultaneously
generate significant normal force in the direction of the
Y-axis. If the current 1s also 1njected into the lower primary
of the DSLIM, 1t creates normal force in the opposite
direction. This can be used to control the resulting lifting
torce of the DSLIM by rebalancing the currents in the upper
and lower primaries. The resulting total thrust force of the
DSLIM depends on the sum of upper and lower currents and
the slip frequency. The main advantage of this method 1s that
the thrust force can be controlled independently of the lifting,
force.

The general expressions for resulting thrust and lifting
forces of the DSLIM shown in FIG. 1 can be written as
follows:

F,=F, . +F

_upper th_lower

(1)

(2)

F hﬁ:F hﬁ‘_uﬁper_F Iifr _lowers

where F, _upper and V., ., are thrust and lifting forces of
the upper primary of the DSLIM, F,, tower and F5 15,6, are
thrust and lifting forces of the lower primary of the DSLIM.

The upper and lower primaries of the DSLIM are fed by the
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current with the same frequency and phase angle. Assuming
that the DSLIM operates with slip at which the maximum
efliciency 1s reached when V,, ., and F,, . become
tunctions of the upper primary current amplitude I, and
Fi tower @and Fyz 4o, become tunctions of the lower pri-
mary current amplitude I, . Taking this into account and
according to (1) and (2) the resulting thrust and lifting forces
can be controlled independently of each other by adjusting
L, .0 and I, current amplitudes.

This sub-method 1s more eflicient when the high thrust
force 1s generated. In that case the intensity of the current 1n
the upper primary 1s enough to create the required lifting
force. In a case when low or zero thrust force 1s needed, the
current value in the upper primary of DSLIM 1is not high
enough to produce the required lifting force to levitate the
vehicle. To improve the approach described above, it can be
combined with the regenerative levitation sub-method. The
precondition for this second sub-method 1s the application of
two or more DSLIM mechamcally coupled and electrically
interconnected through their separate power controllers.

Drawing FI1G. 2 illustrates the cross-section of two hori-
zontal double-sided linear induction motors (DSLIMs), the
same as shown 1n FIG. 1, whose upper and lower primaries
are mounted side by side on the same movable chassis, while

they share the same stationary conductive flat secondary.
The first DSLIM (DSLIM1) operates in motoring mode and

produces the thrust force F,”™. The second DSLIM
(DSLIM2) operates 1n generating mode and produces drag

force F,# 1n the opposite direction to the thrust force of the
first DSLIM. The resulting thrust force of the system will be

£ th =£ rhm_F rhg (3)

There will be current flowing in upper parts of both
DSLIMs, each of them producing lifting force. The resulting
lifting force will be

(4)

where F, 5, 1s lifting force of the first DSLIM and F, 4, 1s
lifting force of the second DSLIM. The second DSLIM
operating in generator mode creates an additional load for
the first DSLIM, which results 1n the increase of its current
to produce the required lifting force. Energy generated by
the second DSLIM 1s used to feed back the first DSLIM.
Provided that the efliciency of both DSLIMs 1s high enough,
the proposed method of regenerative levitation can be much
more ethicient than methods using permanent magnets or
zero slip frequency current injection. Furthermore, 1t 1s
possible that each DSLIM operates with an optimal slip
value at which the maximum etliciency i1s achieved.

The resulting lifting force of the system defined by
equation (3) can be controlled independently of the resulting
thrust force defined by equation (4). When each DSLIM
operates with the slip at which the maximum efliciency 1s
observedthenF ™ F 2 F, ; and F, ;, 0t (3) and (4) become
functions of the current (in some cases there 1s only current
flowing 1n the upper primary of each DSLIM). When the
control algorithm directs some current I, to the first DSLIM,
it produces some values of I,,™ and F 5, . Then the current
I, of the second DSLIM 1s adjusted so that the resulting
hftmg force of (4) 1s equal to the desired value. After that,
the current I, of the first DSLIM 1s adjusted depending on
the resulting thrust force of the system defined by (3): 11 the
resulting thrust force 1s less than the desired value, I, 1s
increased, otherwise I, should be decreased. Then I, is
adjusted again to obtain the desired lifting force and this
process 1s repeated until both thrust and lifting force reach
the desired values.

Fra=Fpp pro,
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The flowchart of the control algorithm i1s shown 1n FIG.
3. The overall control methodology consists of two sub-
methods: the upper and lower current balancing sub-method
and the regenerative levitation sub-method used in different
operating conditions.

The flowchart (block diagram) 300 on FIG. 3 illustrates an
embodiment of a method of controlling the propulsion and
suspension ol one or a plurality (a group) of linear induction
motors. The method 300 may begin at block 302. First, the
input signals for required thrust force I, * and Iitt torce I, ,*
are received 1n the block 304. A determination may be made
in the block 306 as to what number Ng of DSLIMs needs to
work in generator mode out of total number N of DSLIMs
in the group. Then, based on given requirements and con-
ditions, the needed current of the upper primaries of the
group of DSLIMs working in motoring mode [, ;™ and upper
primaries working in generator mode I, ®, necessary to
deliver desired thrust force (F,,*) and lift force (F,,;*), may
be calculated 1n block 308. The ratio of the current 1n upper
primaries versus the current in lower primaries R, which
will provide maximal efliciency of the group of DSLIMs
working 1n generator mode, may be determined in block
310. The ratio of the current 1n upper primaries versus the
current in lower primaries R, which will provide maximal
elliciency of the group of DSLIMs working in motoring
mode, may be determined in block 312. Then the needed
current of the lower primaries of the group of DSLIMs
working in motoring mode I, ™ and lower primaries work-
ing 1n generator mode I, 2, needed to produce desired thrust
force (F,,*) and lift force (F,;*), may be calculated in block
314. Finally, the resulting calculated lift force F,; may be
determined 1n block 316. A determination may be made 1n
block 318 as to weather the resulting lift force F,, ; 1s equal
to the requested lift force I, ,*. If the calculated lift force F,, 4
1s equal to the requested lift force F, ;* may be mitiated the
block 320 where resulting thrust force F,, may be calculated.
I1 not, then the calculation of currents in the upper primaries
of the group of DSLIMs working in motoring mode I, " and
upper primaries working in generator mode I, need to be
repeated 1n block 308 and all consequent steps to block 318
repeated.

After the resulting thrust force F,, 1s calculated 1n block
320 a determination may be made 1n block 322 as to whether
the resulting thrust force F,; 1s equal to the requested thrust
force F,,*. If the resulting thrust force F,, 1s equal to the
requested thrust force F,*, the method may end at block
324. If not, then the currents in the upper primaries of the
group of DSLIMs working in motoring mode I, ™ and upper
primaries working in generator mode I"* need to be recal-
culated 1n block 308 and all consequent steps to block 322
repeated.

In the different embodiment, only the current balancing
sub-method 1s utilized to control the propulsion and levita-
tion forces by regulating the currents fed to upper and lower
primaries of one DSLIM, or upper and lower primaries of a
plurality of DSLIMs. The illustrative flowchart of this
embodiment 1s the same flowchart of the control algorithm
shown 1n FIG. 3 with the assumption that the number of
DSLIMs 1n generator mode N 1s equal to zero 1n propulsion
mode and the number of DSLIM 1n generator mode N, is
equal to N 1n braking mode.

In the other embodiment, only the regenerative levitation
sub-method 1s utilized to control propulsion and levitation of
two or more double-sided linear induction motors (DSLIM),
two or more single-sided linear induction motors (SLIM), or
two or more tubular linear induction motors (TLIM). FIG. 4

presents the flowchart 400 of the disclosed regenerative

10

15

20

25

30

35

40

45

50

55

60

65

6

levitation sub-method. The method 400 may begin at block
402. First, the input signals for required thrust force F,, * and
lift force I, ;* are received in the block 404. A determination
may be made 1n the block 406 as to what number Ng of
LIMs needs to work in generator mode out of total number
N of LIMs 1n the group. Then, based on given requirements
and conditions, the necessary current of the group of LIMs
working 1n motoring mode I, and necessary current of the
group of LIMs working in generator mode I, necessary to
deliver desired thrust force (F,,*) and lift force may be
calculated in block 408. Finally, the resulting calculated It
force F,,; may be determined in block 410. A determination
may be made in block 412 as to whether the resulting lift
force F,; 1s equal to the requested lift force F,;*. It the
calculated lift force F,; 1s equal to the requested lift force
F, 7~ may be initiated 1n the block 414 where resulting thrust
force F,, may be calculated. If not, then the calculation the
current of the group of LIMs working 1in motoring mode I™
and the current of the group of LIMs working in generator
mode I%, need to be repeated 1n block 408 and all consequent
steps to block 412 repeated. After the resulting thrust force
F . was calculated in block 414 a determination may be
made 1n block 416 as to weather the resulting thrust force F,
1s equal to the requested thrust force F, *. If not, then new
determination may be made in the block 406 as to what
number Ng of LIMs needs to work 1n generator mode out of
total number N of LIMs in the group and all consequent
steps to block 416 repeated. It the resulting thrust force F,,
1s equal to the requested thrust force F,,* the method may
end at block 324.

The mvention may be applied in passenger or industrial
transportation systems.

One possible application 1s in control of propulsion and
suspension ol a vehicle equipped with two or more motor/
generator groups ol DSLIM, SLIM, or TLIM with a sta-
tionary secondary and movable primaries.

Another possible application 1s 1n control of propulsion
and suspension of a vehicle equipped with two or more
motor/generator groups of DSLIM, SLIM, or TLIM with a
stationary primaries and movable secondary.

In some applications in transportation, retractable wheels
may be utilized for emergency stops and for stationary stop
and start-up speeds of a vehicle, while 1n the acceleration
and cruising speed regimes, the vehicle may be propelled
and levitated electromagnetically by this invention.

The exclusive property or privilege of the invention 1s
claimed and defined as follows:

1. A method of controlling propulsion and suspension of
a group of two or more double-sided linear induction motors
(DSLIM), comprising the steps of:

a. receiving by a controller a first input signal request for

a thrust force to be generated by the group of DSLIMs;

b. receiving by the controller a second 1input signal request

for a lift force to be generated by the group of DSLIMs;

c. when a propulsion regime 1s applied, converting at least

one DSLIM 1n the group to a generator mode while
other DSLIMs 1n the group operate 1n motoring mode
and balancing current amplitudes 1n upper and lower
primaries of each DSLIM 1n the group causing that the
said group of DSLIMs provides a required positive
thrust force produced by a sum of upper and lower
currents of all DSLIMs of the group and the said group
of DSLIMs provides a required lift force produced by
a difference of upper and lower currents of all DSLIMs
of the group; and

d. when a braking regime 1s applied, converting at least

one DSLIM 1n the group to a motoring mode while
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other DSLIMs 1n the group operate 1in generator mode amplitudes in upper and lower primaries of the DSLIM
and balancing the current amplitudes 1 upper and so that their difference produces the necessary lift force
lower primaries of each DSLIM 1n the group causing for the desired negative thrust force.
that the said group ot DSLIMs provides a required 3. A method of controlling propulsion and suspension of

negative thrust force produced by a sum of upper and 5 Jinear induction motors (LIMs) of a group of two or more
lower currents of all DSHMS of the group and the said double-sided linear induction motors (DSLIM), two or more
group of DSLIMs provides the required Lt force  gjpole sided linear induction motors (SLIM) or two or more

produced by a difference of upper and lower currents of tubular linear induction motors (TLIM), comprising the
all DSLIMs of the group. steps of:

2. A method of controlling propulsion and suspension of 10 SERU 1 first ; 0o f
DSLIM or a plurality of DSLIMs, comprising the steps a. recerving by a controller a 1irst input signal request 1or
Oe ’ a thrust force to be generated by the group of LIMs;

of:
.. . : b. receiving by the controller a second input signal request
. b troller a first t 1 t 1
i At e A . ket et for a lift force to be generated by the group of LIMs;

a thrust force to be generated by the DSLIM; h I T, lad . |
b. receiving by the controller a second input signal request 15 ¢ V<1 @ PIOPUISION IESHNE IS dPpUEC, converting at least

for a lift force to be generated by the DSLIM: one LIM 1n the group to a generator mode while other
’ LIMs 1n the group operate in motoring mode, causing,

that the said group of LIMs produces the necessary lift
force for a desired positive thrust force; and

d. when a braking regime 1s applied, converting at least
one LIM 1n the group to a motoring mode while other
LIMs 1n the group operate 1n generator mode, causing
that the said group of LIMs produces the necessary lift
force for a desired negative thrust force.

c. when a propulsion regime 1s applied, producing a
positive thrust force by a sum of currents 1n upper and
lower primaries of the DSLIM while balancing current
amplitudes 1n upper and lower primaries of the DSLIM 20
so that their difference produces the necessary lift force
for the desired positive thrust force; and

d. when a braking regime 1s applied, producing a negative
thrust force by sum of the currents 1n upper and lower
primaries of the DSLIM while balancing the current I I
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